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statement  of  Problem 

The  proposed  project  was  directed  at  the  study  of  interface  structures,  in  particular  at  the 
characterization  of  adhesion  forces  at  interfaces.  There  are  numerous  solid/solid  interfaces  where  the  adhesion 
of  one  component  of  the  interface  to  the  other  is  of  critical  importance.  Examples  include  nonmetallic  coatings 
or  films  on  metal  surfaces  and  reinforcement  fibers  in  a  variety  of  matrices.  Thin  films  serve  as  corrosion 
barriers,  lubrication  layers,  insulators,  packaging  materials,  etc.  The  adhesion  strength  of  these  films,  or 
coatings,  to  the  substrate  is  critical  to  performance.  When  two  solids  join  to  form  an  interface  an  intermediate 
reaction  region  or  mechanical  interlocking  region  may  be  produced.  The  adhesion  properties  of  an  interface 
depend,  therefore,  on  the  morphological  and  chemical  nature  of  the  interface.  A  purely  physical  interaction,  e.g. 
interlocking,  depends  on  surface  properties  such  as  roughness.  In  many  situations  it  is  not  desirable  or  practical 
to  depend  on  a  physical  interaction  as  the  basis  of  adhesion,  hence  the  generation  of  chemical  bonding  is 
desired. 

Testing  for  adhesion  characteristics  in  an  interface  structure  is  generally  mechanical,  hence  little 
information  is  produced  concerning  the  nature  of  the  chemical  bonding  at  the  interface  that  is  responsible  for 
the  adhesion  properties.  A  specific  application  that  exemplifies  the  problem  is  the  deposition  of  thin-layer  low- 
k  dielectrics  in  microelectronics  manufacturing  for  insulating  layers  or  packaging  materials.  Many  of  the 
leading  candidates  for  the  next  generation  of  low-k  dielectrics  are  fluoridated,  or  partially  fluoridated,  polymers. 
The  formulations  that  produce  the  desired  dielectric  properties  often  lead  to  low  adhesion  strength  which  can 
lead  to  a  potential  delamination  failure  given  the  repeat  thermal  stresses  encountered  by  many  of  these  systems. 
Currently  there  is  no  good  way  to  probe  the  molecular  structure  in  the  interface  region  of  realistic  systems. 

We  proposed  the  development  of  a  technique  capable  of  producing  information  that  directly  relates  to 
chemical  bond  formation  in  interface  structures.  The  instrument  capable  of  providing  these  data  will  be 
assembled,  characterized,  and  used  to  determine  bonding  in  real  interface  samples.  We  envision  this  leading  to  a 
research  program  that  studies  adhesion  in  a  variety  of  interface  systems.  Such  a  research  program  is 
multifaceted,  hence  the  students  involved  will  be  forced  to  become  familiar  with  a  number  of  topics.  The 
theoretical  concepts  involved  in  explaining  adhesion,  promoting  adhesion  in  interface  structures,  producing 
interface  structures,  and  participating  in  the  characterization  of  the  interface  structures  provides  a  fertile  area  for 
the  training  of  research  scientists. 

The  main  theme  of  the  proposed  research  plan  was  to  construct  and  characterize  an  instrumentation 
system  capable  of  collecting  infrared  spectral  data,  surface  plasmon  resonance  data,  and  infrared  Stark  shift  data 
from  interface  structures.  The  unique  feature  of  the  system  proposed  is  a  unique  modulation  scheme  based  on 
the  Stark  effect.  The  ability  to  selectively  modulate  the  spectral  features  collected  from  the  interface  region 
allows  discrimination  from  the  much  larger  signals  produced  by  the  bulk  materials.  Thus,  the  goal  of  the 
project  was  to  produce  a  well-characterized  technique  for  the  study  of  molecular  bonding  at  interfaces. 


Summary  of  the  most  important  results 


Instrument  Design  A  novel  instrument  system  capable  of  collecting  surface  plasmon  data,  infrared 
reflection  data,  and  Stark  shift  data  from  a  sample  was  designed  and  constructed.  A  block  diagram  of  this 
instrument  is  shown  in  Figure  1.  Details  of  the  instrument  design  are  discussed  more  fully  in  Interim  Progress 
Report  No.  1 .  This  instrument  system  is  unique,  and  capable  of  producing  very  useful  information  concerning 
the  bonding  at  interfaces. 


Figure  1 .  Block  diagram  of  the  SPR/FTIR/Stark-shift  instrument. 


Instrument  Performance  Characterization  A  considerable  effort  was  made,  after  the  instrumental  system 
was  fully  assembled,  to  characterize  the  performance  of  the  system.  The  signal-to-noise  ratio  (SNR)  of  the  data 
produced  in  the  infrared  experiments  was  not  as  good  as  the  models  we  had  developed  were  predicting.  The 
SNR  of  the  experimental  data  is  critical  since  exceedingly  small  signals  are  the  target  of  the  system.  A  number 
of  minor  improvements  to  the  instrument  were  made  before  discovering  that  slow  drifts  in  the  infrared 
spectrometer  were  the  fundamental  limitation  in  the  SNR.  The  experiment  depends  on  recovery  of  signals  that 
are  the  difference  between  two  operational  states.  A  solution  to  the  long-term  drift  problems  was  found  and 
implemented.  We  have  termed  this  operational  mode  “interleaved”  operation,  for  it  allows  for  nearly 
simultaneous  collection  of  the  two  operational  states,  hence  eliminating  drift  problems,  but  can  be  carried  out 
over  long  data  collection  periods  necessary  to  recover  the  very  small  signals  that  are  the  target  of  the 
investigation.  The  implementation  of  the  interleaved  mode  of  operation  was  a  critical  development  in  this 
program,  and  is  discussed  more  fully  in  Interim  Progress  Report  No.  2.  Results  obtained  using  this  interleaved 
mode  of  operation  that  demonstrate  the  gain  in  SNR  are  discussed  in  Interim  Report  No.  3. 


Temperature  Affects  The  Stark  shift  experiment  depends  on  the  ability  to  measure  very  small  shifts  in 
very  small  signals,  hence  sample  and  instrument  stability  are  of  utmost  importance.  An  attempt  was  made  using 
conventional  temperature  measurement  techniques  to  determine  if  any  heating  occurred  as  a  result  of  the  laser 
interaction  with  the  metal  film.  These  attempts  were  not  successful.  We  did,  however  discover  a  molecular 
approach  to  temperature  determination  based  on  conformational  changes  in  a  molecular  system.  The  molecular 
system  studied  is  one  of  a  series  of  oligo(ethylene  glycol)  modified  alkanethiols  that  will  self-assemble  into  a 
monolayer  on  a  gold  surface.  The  conformational  change  leads  to  changes  in  the  infrared  spectra  of  the 
monolayer.  The  details  of  this  system,  and  the  infrared  data  collected  as  a  function  of  temperature  have  been 
discussed  in  detail  in  Interim  Progress  Report  No.  3. 

Interface  Adhesion  Adhesion  layers  between  layers  are  often  used  to  promote  system  integrity.  The 
adhesion  of  silica  films  to  crystalline  materials  such  as  germanium  and  zinc  selenide  has  been  a  problem, 
especially  if  the  interface  is  to  be  exposed  to  a  humid  environment.  We  demonstrated  that  a  solution  to  this 
problem  was  to  coat  the  crystalline  material  with  a  very  thin  layer  of  epitaxial  silicon,  expose  the  silicon  to  air 
for  a  short  period  of  time  to  promote  the  formation  of  a  native  oxide  layer,  and  then  overcoat  that  with  the  silica 
film.  Interface  structures  created  using  this  adhesion  layer  have  proven  very  robust.  Data  collected  from  a 
germanium/silicon/silica  structure  are  discussed  in  Interim  Progress  Report  No.  3. 

Although  not  a  specific  goal  of  the  program  originally  described  in  the  proposal  to  ARO,  solving  the 
delamination  problem  of  sol-gel  produced  silica  films  deposited  on  crystalline  germanium  has  allowed  us  to 
produce  infrared  sensors  with  unprecedented  properties.  We  have  coated  a  germanium  waveguide  with  a  sol- 
gel  fdm,  then  surface  modified  the  porous  sol-gel  to  generate  a  film  with  the  desired  properties.  These  devices 
are  capable  of  measuring  infrared  spectra  from  analytes  in  aqueous  solution  with  sub  parts-per-million  detection 
limits.  This  represents  about  a  three  order  of  magnitude  increase  in  sensitivity  compared  to  anything  previously 
appearing  in  the  literature.  A  spectrum  obtained  from  a  3.8  ppm  solution  of  nitrobenzene  using  this  sensor  is 
shown  in  Figure  2. 


Figure  2.  Spectrum  obtained  from  a  3.8  ppm  solution  of  nitrobenzene  in  water  in  contact  with  the  surface 
modified  sol-gel  coated  germanium  waveguide. 


Interface  Spectra  We  have  demonstrated  that  infrared  and  plasmon  resonance  data  that  can  be  used  to 
show  orientation  and/or  bonding  can  be  collected  from  interesting  interface  structures.  The  orientation  of 
monolayer  phenol  films  deposited  at  metal  surfaces  as  a  function  of  deposition  conditions  has  been  studied. 
These  studies  were  outlined  in  Interim  Report  No.  3.  We  have  also  completed  a  set  of  experiments 
demonstrating  that  we  can  fully  characterized  the  formation  of  birefringent  layers  on  a  metal  surface.  In  this 
study,  we  have  investigated  the  adsorption  behavior  of  phenol,  (4-mercaptophenyl)-phthalimide  (4-MPP),  and 
(4-mercaptophenyl)-fiuoro-phthahmide  (4-MPFP)  on  gold  and  silver  surfaces.  The  synthesis  of  the  4-MPP  and 
4-MPFP,  deposition  on  gold  surfaces,  and  preliminary  spectra  were  discussed  in  Interim  Report  No.  3.  Data 
have  also  been  collected  from  polymer  layers  deposited  on  metal  surfaces.  In  particular,  the  interaction  between 
biphenylene  dianhydride  para-dianiline  (BPDA)  and  aluminum  has  been  studied.  Although  more  work  needs  to 
be  carried  out  on  this  system,  we  have  been  able  to  show  that  there  are  bonds  that  form  due  to  the  interaction  of 
the  C=0  group  and  the  aluminum  surface.  We  have  also  studied  the  interaction  of  adhesion  promoters.  We 
have  been  able  show  infrared  spectral  features  that  are  the  result  of  bond  formation  between 
hexamethyldisilazane  and  gold,  and  have  demonstrated  that  these  signals  can  be  recovered  from  a 
gold/hexamethyldisilazane/BPDA  interface  structure  can  be  recovered.  This  latter  experiment  shows  the  high 
sensitivity  of  the  instrumentation  system  developed  here  and  how  it  can  be  used  to  study  interface  structures. 
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